PURPOSE. Dysfunction of endothelial nitric oxide synthase (eNOS) has been implicated in the pathogenesis of diabetic vascular complications. This study was undertaken to determine the role of eNOS in the development of diabetic retinopathy (DR), by investigating the functional consequences of its deficiency in the diabetic state.
D
iabetic retinopathy (DR) is the most common form of diabetic vascular complication and is the leading cause of severe vision loss in the working-age group. 1 Vision loss in DR develops by slow and progressive alterations in the retinal vasculature, including increased capillary basement membrane thickening, increased vascular permeability, pericyte loss, and acellular capillary development, all of which contribute to breakdown of the blood-retinal barrier and subsequent pathologic angiogenesis.
Despite extensive research, the mechanisms underlying the pathogenesis of DR are still not fully understood. Endothelial cell derived nitric oxide (NO), synthesized continuously in the endothelium from L-arginine by endothelial nitric oxide synthase (eNOS), plays an important role in modulating retinal vascular tone. Constitutive production and release of NO are critical in maintaining vascular homeostasis. Diabetes in both humans and animal models has been associated with reduced bioavailability of NO and impaired endothelium-dependent relaxation. [2] [3] [4] Furthermore, decreased expression of eNOS concomitant with increased expression of iNOS and nitrotyrosine during diabetes progression in rats has been reported. 5 Studies of mice genetically deficient in one of the constitutive NOS isoforms suggest that NO from both neuronal NOS (n)NOS and eNOS provide mutually compensating pathways under normal conditions. In the eye, the retinal vasculature develops normally in eNOS Ϫ/Ϫ mice, and this development is associated with increases in vascular-associated nNOS activity compensating for the eNOS deficiency in the developing and adult mutant retina. 6 However, these knockout mice develop more severe diseases under stress conditions. 7, 8 To further investigate the pathogenic role of eNOS dysfunction in the development of DR, we induced diabetes in eNOS Ϫ/Ϫ and C57B/6 control mice and evaluated their retinal vasculature. The diabetic eNOS Ϫ/Ϫ mice developed more severe DR symptoms than did the diabetic control mice and exhibited most of the pathologic vascular changes seen in human patients. This finding supports a role for the deficiency in eNOS-derived NO production in the pathogenesis of both diabetic nephropathy and retinopathy. Further understanding the underlying mechanisms of pathogenesis for these diabetic complications has important implications in designing effective therapies, and diabetic eNOS Ϫ/Ϫ mice also provide a good animal model for achieving that end. ME) and maintained at the Animal Care Service at the University of Florida. All procedures adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research, and the protocol was approved by the Animal Care and Use Committee of the University of Florida. The animals were fed standard laboratory chow and allowed free access to water in an air-conditioned room with a 12-12-hour light-dark cycle.
Diabetes was induced by two consecutive intraperitoneal injections of streptozotocin (STZ, 100 mg/kg body weight, freshly made in 0.05 M citrate buffer, pH 4.5), confirmed 1 week after induction by measuring the blood glucose level (defined as Ͼ200 mg/dL) using a glucomonitor (FreeStyle; Abbott Diabetes Care, Alameda, CA) and test strip according to the manufacturer's instructions. Blood pressure was measured in conscious mice at room temperature with a tail-cuff monitor (BP2000 Analysis System; Visitech Systems, Apex, NC).
Fluorescein Angiography
The mouse's eyes were dilated with 1% atropine and phenylephrine (AK-Dilate; Akorn, Inc., Buffalo Grove, IL). Fluorescein angiography was performed after intraperitoneal injection of 10% fluorescein sterile solution (1 mL/kg body weight, AK-Fluor; Akorn, Inc.), and fundus photographs were captured (Genesis fundus camera; Kowa Optimed, Inc., Torrance, CA).
Albumin Extravasation Assay
Retinal vascular permeability was evaluated by albumin extravasation. Anesthetized mice received intravenous (IV) injection of FITC-labeled albumin (100 mg/kg body weight; Sigma-Aldrich, St. Louis, MO), and blood samples were collected before and immediately after the injection. After 30 minutes, the animals were killed, their eyes enucleated, fixed in 4% paraformaldehyde (freshly made in PBS, pH 7.4), and embedded in optimal cutting temperature (OCT) compound. Frozen sections (12 m) were cut and mounted on slides in such a way that adjacent sections were mounted on eight different slides, five sections per slide, so that adjacent sections on the same slide were ϳ100 m apart, and each eye was cut in three sets of 5 ϫ 8 slide sections. Extravasation of FITC-albumin from the retinal vessels was evaluated in serial cross sections (10 sections, representing total 500-m thickness) by fluorescence imaging and quantified from representative sections by measuring the fluorescent intensity, then normalized to the plasma level of FITC determined by fluorometer (Molecular Device, Sunnyvale, CA). For direct visualization of leakage, alkaline phosphatase (AP)-conjugated anti-FITC antibody (Sigma-Aldrich) was used and detected with an AP-substrate kit from Vector Laboratories (Vector Laboratories, Burlingame, CA), according to the manufacturer's instruction. The endogenous AP activity was blocked (Levamisole Solution; Vector Laboratories), according to the manufacturer's instruction.
Trypsin Digest Preparation of Retinal Vasculature
Retinal vasculature was prepared by using the method described by Kuwabara and Cogan 9 with minor modifications. Briefly, the eyes were fixed in 4% paraformaldehyde freshly made in PBS overnight after enucleation. The retinas were dissected from the eye cups, washed in water overnight, and digested in 3% trypsin (Invitrogen-Gibco, Grand Island, NY) for 2 to 3 hours at 37°C. The tissue was then transferred into water and the network of vessels was freed from adherent retinal tissue by gentle shaking and manipulation under a dissection microscope. The vessels were then mounted on a clean slide, allowed to dry, and stained with PAS-H&E (periodic acid Schiff-hematoxylin & eosin; Gill No.3; Sigma-Aldrich) according to the instruction manual. After the tissue was stained and washed in water, it was then dehydrated and mounted (Permount mounting medium; Fisher Scientific, Pittsburgh, PA). The prepared retinal vessels were photographed by microscope equipped with a high-resolution digital camera (AxioCam MRC5, Axiovert 200; Carl Zeiss Meditec, Inc., Dublin, CA), using both 20ϫ and 40ϫ objective lenses. Six to eight representative, nonoverlapping fields from each quadrant of the retina were imaged. Acellular capillaries are counted from images for each retina and expressed as the number of acellular vessels per square millimeter.
Retinal Capillary Basement Membrane Evaluation
The basement membrane thickness of retinal capillaries was evaluated by transmission electron microscopy (TEM). Anesthetized mice (two nondiabetic and two diabetic mice at 2 months after induced diabetes) were perfused with fixative containing 2% paraformaldehyde and 2% glutaraldehyde and the eyes were enucleated and immersed in the same fixative overnight, after the cornea and lens were removed. The eyes were then postfixed in 2% OsO 4 , dehydrated in ethanol series, embedded in epoxy resin. Thin sections (0.5 m) were stained with toluidine blue for orientation and identification of capillaries. Ultrathin sections (60 nm) were counterstained with uranyl acetate and lead citrate and examined by TEM. Retinal capillary basement membrane thickness (CBMT) was measured from TEM images captured from deep capillaries residing between the outer plexiform (OPL) and inner nuclear (INL) layers (see Fig. 5A , arrow). Minimally, 10 capillaries from the central, mid, and peripheral retina were measured for each eye, at least 30 measurements were taken per capillary.
Measurement of Retinal NO Levels
Nitric oxide (NO) production in the retina was examined by measuring the total level of NO. Since NO is a gaseous free radical with a short half-life in vivo of a few seconds or less, levels of the more stable NO metabolites nitrite (NO 2 Ϫ ) and nitrate (NO 3 Ϫ ) have been used in the indirect measurement of NO in biological fluids. 10 A nitrate/nitrite fluorometric assay kit (Cayman Chemical, Ann Arbor, MI) was used for total nitrite/nitrate measurement in the retina, according to the manufacturer's instructions.
Tissue Process, Immune Fluorescence, and Histochemistry
For immune-fluorescent staining, the eyes were fixed in 4% paraformaldehyde freshly made in phosphate-buffered saline (PBS) at 4°C overnight. The eye cups were cryoprotected in 30% sucrose/PBS for several hours or overnight before quick freezing in OCT compound. Then 12-m-thick sections were cut at Ϫ20 to -22°C. A rabbit polyclonal antibody against GFAP (1:1000; Sigma-Aldrich) was used. Secondary antibodies conjugated with Alexa594 and Alexa488 were from Invitrogen-Molecular Probes (Carlsbad, CA) and were used according to the manufacturer's instruction. The sections were coverslipped with antifade medium (Vectashield; Vector Laboratories), and examined with a microscope (AxioVision; Carl Zeiss MicroImaging, Inc., Thornwood, NY) equipped with epifluorescence illumination and a highresolution digital camera.
For RT-PCR, total RNA was isolated from freshly dissected retinas (Trizol Reagent; Invitrogen), according to the manufacturer's instructions. RT-PCR was performed (Enhanced Avian HS RT-PCR kit; SigmaAldrich). Primer pairs for iNOS sequence were TCGCTTTGCCACG-GACGAGA (forward) and TGGCCAGCTGCTTTTGCAGG (reverse), and primer pairs for ␤-actin were CTACAATGAGCTGCGTGTGG (forward) and CGGTGAGGATCTTCATGAGG (reverse).
Statistics
All values are presented as the mean Ϯ SD. A paired Student's t-test was used to assess the significance of the difference between two groups. One-way ANOVA followed by the post hoc Tukey (Fisher's protected least-significant difference) test was used to assess statistical significance between multiple groups. Differences were significant at P Ͻ 0.05. (Table 1) . In the eye, the retinal vasculature develops normally in eNOS Ϫ/Ϫ mice and is associated with increases in vascularassociated nNOS activity that compensate for the eNOS deficiency in the developing and adult mutant retina. 6 Moreover, these mice demonstrate increased iNOS immunoreactivity in the retina. 12 STZ treatment resulted in hyperglycemia in both C57B/6 and eNOS Ϫ/Ϫ mice (Table 1 ) and progressive loss of body weight. The weight loss in the diabetic eNOS Ϫ/Ϫ mice was more severe than that in the age-matched diabetic C57B/6 mice, as reported previously. Abnormal vascular changes were clearly detectable on fundus fluorescein angiography in diabetic eNOS animals, including increased vessel tortuosity, whereas similar changes were not observed in C57/B6 mice, even after longer periods of diabetes (Fig. 1) . Retinal vascular permeability was evaluated by albumin extravasations and quantified by measuring the fluorescence intensity in serial sections from both nondiabetic and diabetic control C57B/6 and eNOS Ϫ/Ϫ mice. Diabetic eNOS Ϫ/Ϫ mouse retina showed increased vascular leakage of FITC-albumin compared with nondiabetic retina (Fig. 2A) . Increased retinal vascular permeability was detectable at 2 weeks after STZ treatment in the eNOS Ϫ/Ϫ mice and numerous focal vascular lesions were present, as evidenced by intense albumin leakage, whereas similar permeability change occurred much later and less severely in diabetic C57/B6 mouse retinas (Fig. 2B) .
Glial Cell Changes
Müller glial cells play a vital role in maintaining normal retinal vascular and neuronal function. Glial activation (gliosis) is a common feature of many retinal diseases including diabetic retinopathy. A key feature of retinal gliosis is the upregulation of the intermediate filament, glial fibrillary acidic protein (GFAP). Increased GFAP expression has been shown in diabetic rats, [13] [14] [15] [16] as well as in humans with diabetic retinopathy. 17 However, no change or transient change of GFAP activation has been detected in diabetic C57/B6 mouse retina. 18, 19 Glial reactivity in diabetic eNOS Ϫ/Ϫ mouse retina was detected by immune fluorescence labeling with antibody against GFAP. In nondiabetic eNOS Ϫ/Ϫ retina, GFAP expression was detectable only in retinal astrocytes (Fig. 3D) as in wild-type C57B/6 retinas (Figs. 3A, 3B ), but was highly elevated in diabetic eNOS Ϫ/Ϫ retina (Figs. 3E, 3F ). The elevated GFAP expression can be detected as early as 3 weeks after diabetes induction (data not shown).
Increased Acellular Capillaries in Diabetic eNOS
؊/؊ Mouse Retina
Nondiabetic eNOS Ϫ/Ϫ mouse retinas showed normal vasculature indistinguishable from that of age-matched C57B/6 mice (Figs. 4A, 4B) . Diabetic C57B/6 mouse retinas exhibited only a slight (nonsignificant) increase in the number of acellular capillaries per unit area over 6 months of diabetes. In contrast, diabetic eNOS Ϫ/Ϫ mouse retinas exhibited much earlier onset and increased the number of acellular capillaries (Fig. 4B) , even more than that of diabetic C57B/6 mouse after 13 month of diabetes (data not shown). Because of the increased mortality n ϭ 5, nondiabetic group; n ϭ 10, diabetic group. * P Ͻ 0.01 versus NDM. 
of diabetic eNOS
Ϫ/Ϫ mice, retinas from mice with diabetes duration longer than 6 months were not examined.
Increased Basement Membrane Thickness in Retinal Vascular Capillaries
Thickening of microvascular basement membrane represents a histopathologic hallmark of diabetic complications and has been observed in human diabetes and in several different animal models of experimental diabetes. 20 -22 The basement membrane of retinal capillaries from the diabetic eNOS 
Retinal NO Levels
NO is constitutively produced by endothelial cells and maintained at physiological levels under normal conditions. Diabetes has been associated with reduced bioavailability of NO and impaired endothelium-dependent relaxation, both in patients and in animal models. [2] [3] [4] We measured the NO level with an indirect fluorometric-based assay to determine total nitrite/ nitrate levels in retinas isolated from NDM and DM mice 2 months after diabetes induction. The total retinal NO levels in nondiabetic eNOS Ϫ/Ϫ mouse retina were similar to those in age-matched C57B/6 mice (diabetic or nondiabetic), but were significantly increased in the diabetic retina (Fig. 6A) , and this NO increase was associated with a concomitant increase in iNOS expression that was undetectable in nondiabetic conditions (Fig. 6B) .
DISCUSSIONS
Animal models of diabetes have been valuable tools for shaping our understanding of the pathophysiological mechanisms of diabetic retinopathy and discovering and assessing new potential therapeutic agents. Although numerous diabetic animal models have been described (see a recent review and references therein 23 ), none of these models replicates the key features of the disease in humans, which is characterized by progressive alternations to the retinal vasculature, including capillary dilation and leakage, capillary occlusion, pericyte/ capillary loss, and subsequent new vessel formation. 24, 25 Most of these models exhibit early features of retinal complications of diabetes, but none of the advanced changes. 26 -32 In this study, we examined the role of eNOS in the development of diabetic retinopathy by inducing diabetes in the eNOS Ϫ/Ϫ mice and characterized the ensuing retinal vascular changes. In the present study diabetic eNOS Ϫ/Ϫ mice developed a significantly wider range of severe retinal vascular complications than did age-matched STZ-induced diabetic C57B6 mice. These complications resemble most of the major vascular hallmarks of DR, including increased retinal vessel leakage, gliosis, an increased number of acellular retinal capillaries, and increased basement membrane thickening of retinal capillaries. Moreover, the increase in retinal vessel leakage, gliosis, and number of acellular retinal capillaries occurred at an accelerated rate compared with wild-type STZ-treated diabetic mice. These observations strongly support the essential role of NO in retinal vascular function. Several pathologic pathways could contribute to accelerated retinopathy in this model: First, a deficiency in endothelial-derived NO, coupled with concomitant activation of iNOS, which can produce a larger amount of NO which, when encountering reactive oxygen species (ROS), can generate highly reactive nitrogen species, leading to oxidative stress, and accelerated retinopathy. Endothelial cell-derived NO plays an essential role in maintaining vascular homeostasis. Diabetes both in human and animal models has been associated with reduced NO bioavailability and impaired endothelium-dependent relaxation. [2] [3] [4] Recent studies have shown that eNOS gene polymorphisms are associated with increased risk of developing DR. [33] [34] [35] [36] [37] Furthermore, decreased expression of eNOS concomitant with increased expression of iNOS and nitrotyrosine during diabetes progression in rats have been reported. 5 The nondiabetic eNOS Ϫ/Ϫ mice are viable, fertile, and exhibit no gross anatomic abnormalities, despite the absence of detectable eNOS mRNA, protein, or enzymatic activity. Further analysis showed that eNOS Ϫ/Ϫ mice exhibit abnormalities in vascular relaxation, blood pressure regulation, and cardiac contractility, and increased propensity to form neointima in response to vessel injury. 38, 39 Studies of genetically deficient mice in one of the constitutive NOS isoforms suggest that the NO from both nNOS and eNOS provide mutually compensating pathways in normal conditions 40 that probably account for the lack of gross anatomic abnormalities in these knockout mice. In the eye, the retinal vasculature develops normally in eNOS Ϫ/Ϫ mice, and that normal development is associated with increases in vascular-associated nNOS activity compensating for the eNOS deficiency in the developing and adult mutant retina. 6 Leukocyte-endothelial cell interactions, which are normally modulated by the eNOS isoform, are also replaced by nNOS in eNOS Ϫ/Ϫ mice. 41 However, nNOS cannot completely compensate for eNOS in oxidative stress conditions, where there is insufficient NO produced by nNOS to overcome leukocyte recruitment elicited by such stress. 41 In our results, the total NO level in the nondiabetic eNOS Ϫ/Ϫ retina was similar to that in the wild-type C57/B6 retina, consistent with that reported in the literature. 6 However, NO levels were highly increased during hyperglycemia, accompanied by increased iNOS expression, whereas no further increase in nNOS expression was evident in high-glucose conditions (data not shown).This finding would explain the increased levels of NO products reported in diabetic retinas. 42, 43 Increased expression of iNOS has been observed in retinas of both human and experimental animals, [42] [43] [44] [45] and such high NO concentrations produced by iNOS can be toxic. NO toxicity has been attributed to various mechanisms including peroxynitrate-mediated oxidative damage to macromolecules and cells and energy failure. 46 A second pathologic process, increased gliosis, as evidenced by increased GFAP expression in Müller cells in diabetic eNOS Ϫ/Ϫ retina, may also contribute to the observed retinopathy in this model. Reactive changes in Müller cells, such as upregulation of GFAP occur early in the course of the disease and precede the onset of overt vascular changes in both human and STZ-treated rat retinas during early diabetes. 13, 15, 17, 47 However, increased GFAP expression is not dramatically altered in STZ-diabetic rats 48 and is also not observed in the Ins2
Akita mouse model. 31 This finding is consistent with the fact that diabetic C57B/6 mice induced by STZ lack many biochemical changes that are clearly manifested in the retina of STZ-induced diabetic rats. 32 In our study, diabetic eNOS Ϫ/Ϫ retinas also exhibited sustained increased GFAP expression in Müller cells. The onset of abnormal Müller cell GFAP expression in diabetic eNOS Ϫ/Ϫ retinas was earlier than that in the STZ-treated rat retina, which is detectable only after 6 months of induced diabetes. 49 Müller glial cells play a crucial role in maintaining normal retinal function and regulating retinal vasculature (reviewed in Refs. 50, 51). Early and transient Müller glial activation is thought to be neuroprotective response-for example, by leading to the release neurotrophic factors and antioxidants. However, activated Müller glial also release increased levels of VEGF, which may contribute to increased vascular permeability and progressive neovascularization in the diabetic retina, 50 as well as the expression of iNOS in early diabetic retinopathy. 43, 52 Thus, the diabetic eNOS Ϫ/Ϫ mouse model also provides a valuable tool for further understanding the cellular and molecular mechanisms of gliotic responses in Müller cells; it should be valuable in developing therapeutic strategies for DR.
A third process involves the observation that eNOS Ϫ/Ϫ mice also develop hypertension, one of the major risk factors for type 2 diabetes 53 and also an important independent risk factor for both the initial development and its subsequent progression of diabetic retinopathy. 54, 55 Control of hypertension in patients with type 2 diabetes has been shown to help prevent retinopathy and other microvascular complications. 56 The possible mechanisms by which hypertension contributes to diabetic retinopathy are thought to be both direct hemodynamic processes including impaired autoregulation and hyperperfusion resulting in endothelial damage in the retinal vasculature 57 and independently through increased expression of VEGF. 58 It has been shown that hypertension independent of hyperglycemia increases VEGF expression in retinal endothelial cells and ocular fluids. 59 In animal models, combined diabetes and hypertension by STZ treatment of spontaneous hypertensive rats exacerbates some of the earlier pathologic changes such as inflammation and increased oxidative stress 60, 61 ; however, detailed characterization of retinal vascular changes in this model has not been reported.
Finally, we note that in addition to retinopathy, eNOS Ϫ/Ϫ mice develop more severe diseases in other organs under stress conditions, including severe and early-onset diabetic nephropathy, 7, 8 consistent with clinical studies that overt nephropathy is strongly associated with proliferative diabetic retinopathy in both type 1 and 2 diabetic patients. [62] [63] [64] Thus, diabetic eNOS Ϫ/Ϫ model provides a valuable tool to further investigate the pathophysiological mechanisms at multiple levels in both retina and kidney. Ϫ/Ϫ retina. (A) Total NO level was measured from retinal protein extracts isolated from nondiabetic (NDM, n ϭ 5) and diabetic (2 months after induced diabetes, n ϭ 6) mice by using indirect fluorometric-based assays to measure total nitrite/nitrate levels in the retina. (B). iNOS mRNA detection in eNOS Ϫ/Ϫ retinas by RT-PCR (n ϭ 3).
